The numerical analysis of the inner step length on the stress distribution in weld-bonded single aluminum lap joint was investigated using elasto-plastic finite element method (FEM). The results from the numerical simulation show that the peak stress along the bondline peak stress at the end of lap zone is decreased when the inner steps were arranged in the adherend and it is decreased as the step length increased. Compared to the results from the normal joint, appropriate inner step length is beneficial to optimize the stress distribution in single-lap aluminum weld-bonded joint.
Introduction
The chamfering or tapering method for the adherend to uniform the stress distribution in adhesively bonded single lap joints was studied by some researchers [1] [2] [3] [4] . It was reported by Belingardi et al [1] that the magnitude of the stress peaks (for both shear and peeling components) decreased in entity with the decrease of the inner chamfer angle. Sancaktare and Nirantar [2] founded that the lower peak normal shear stresses along the adhesive-adherend interface, the smaller taper angle. Vallee et al [3] discussed the factors in the stress-reduction methods on the strength of adhesively bonded joints. The numerical and experimental study of the effect of the inner chamfer on the stress distribution in the adhesively bonded aluminum single lap joints was carried out by the authors [4] . And the effect of elastic modulus of the adhesive [5] as well as the outer chamfer in the adherends [6] on the stress distribution in the weld-bonded aluminum single lap joints was investigated in recent years. The aim of this work is to study the effect of inner step length on the stress distribution in the weld-bonded single lap aluminum joint.
Finite Ele ment Model and Mesh
The model and mesh were built using the ANSYS finite element software as shown in Fig.1 and Fig.2 . The properties of the materials used in this study considered the non-linear behavior, bilinear isotropic hardening plasticity option (BISO) to describe the elastic-plastic behavior of material are listed in Table 1 . The load applied was taken as 2 kN and the dimensions of the aluminum adherend were made in accordance with the Chinese standard GB 7124 (equivalent to ISO 4587). The triangular element was used for both bondline and the nugget and quadrilateral element for adherend ( Fig.2 ).The thickness of the bondline was 0.2 mm and divided into 10 layers. To investigate the effect of the inner step length thoroughly, five step length were taken into account as 4 mm, 3 mm, 2 mm, 1 mm as well as 0 (standard joint) respectively and the height of step was kept as 0.5 mm. The nugget was assumed in a shape of ellipsoid. 
Results and Discussion
The effect of the step length on the stress distribution along x axis (y = 0) is presented in Fig.3 . The results from the simulation showed that the peak values of the stress components Sx, Sy, Sxy and the von Mises equivalent stress Seqv are evidently affected by the inner step length ( Fig. 3 ). For the peak value of the stress Sx, Sy, Sxy and Seqv occurred at the points near both ends of the over lap zone in the joint, it is decreased significant as the step length increased when it is not greater than 2 mm. For instance, the peak value of stress longitudinal Sx is decreased 29.3 % from 10.3 MPa to 7.28 MPa when the step length decreased from 0 to 2 mm ( Fig. 3a) and then increased to 7.66 MPa as the length reached 4 mm. For the von Mises equivalent stress Seqv, the decrease of peak stress is 45.6 % from about 37.7 MPa (L= 0) to 20.9 MPa (L= 2 mm, Fig. 3d ). Compared the results obtained with what reported in Ref. [5] , the effect of the 2 mm inner step length for the longitudinal stress Sx is similar to use the lower modulus adhesives on the weld-bonded aluminum single lap joint. But to the stress Sx occurred in the nugget, it is clearly that the peak stress increased evidently as the step length increased (Fig. 3a) . Higher peak stress in the nugget means that more load could be carried out by the nugget so that the load bearing capacity of the joint may be raised. The stress distribution tendency along the mid-bondline of the shear stress Sxy and the von Mises equivalent stress Seqv is similar to that of the longitudinal stress Sx and peel stress Sy in which the value of the peak stress is increased and moved to the middle part of the over lap zone when the step length increased. In Fig 3b, the value of stress Sy at end of lap zone is decreased and then increased when the length is greater than 1 mm but the peak value of stress Sy in mid-bondline decreased evidently as the step length increased such as 26 MPa (L= 0), 14.8 MPa (L= 1 mm), 8.82 MPa (L= 2 mm), 5.47 MPa (L= 3 mm) and 3.76 MPa (L= 4 mm) respectively. And the absolute value of the peel stress Sy in the nugget is increased as the step length increased. When the conditions kept as the same, the effect of the step length on the stress distributed in the adherend near the interface (y = -0.15 mm) is shown in Fig.4 . The results from the finite element analysis showed that the peak value of the stress Sx in the left half of the lap zone is decreased as the step length is greater than 1 mm (Fig. 4a) . In same region, the varied tendency of the peak values for the shear stress Sx y and the von Mises equivalent stress Seqv (Fig. 4c and 4d ) are similar to that of the stress Sx. For stress Sy, the absolute value of the stress near the center of the overlap zone is increased with the increase of step length (Fig. 4b ). 
Summary
The results show that the peak values of the stresses along the mid-bondline is decreased for longitudinal stress Sx and peel stress Sy but increased for shear stress Sxy and von Mises equivalent stress Seqv as the step length increased. Compared to the joint with the standard one, it is advantageous of reducing the peak stress near the both ends of the lap zone in weld-bonded single lap aluminum joints. The results also show that the peak value of the stress Sx in the left half of the lap zone is decreased as the step length is greater than 1 mm. Under the research conditions, the suitable inner step length is 2 to 3 mm for weld-bonded single lap aluminum joint.
